The purpose of this study was to evaluate the stability of thiolated polymersso-called thiomers. A polycarbophil-cysteine conjugate and a chitosan-thioglycolic acid conjugate were chosen as representative anionic and cationic thiomer. The thiol group bearing compounds L-cysteine and thioglycolic acid were introduced to polycarbophil and chitosan, respectively with a coupling reaction mediated by a carbodiimide. The resulting thiolated polymers were freeze-dried and the amount of thiol groups on the thiomer was determined spectrophotometrically. Each kind of polymer was directly used or compressed into 1 mg matrix-tablets. Polymers were stored for a period of six months at four different storage conditions, namely at -20°C (56% relative humidity; RH), 4°C (53% RH), at 20°C (70% RH), and at 22°C (25% RH). Samples were taken after 6 months to determine the formation of disulfide bonds and the remaining thiol groups on the polymer. When the polycarbophil-cysteine and chitosan-thioglycolic acid conjugate were stored as powder a decrease of free thiol groups was observed only after storage at 20°C and 70% RH. Both polymers were found to be stable under all storage conditions when compressed into matrix tablets. The results provide the base for the use of thiomers as auxiliary agents in commercial products.
carboxymethylcellulose, sodium alginate, poly(acrylic acid) and the cationic polymer chitosan were already successfully modified1-=.
In contrast to traditionally used mucoadhesive polymers, which adhere to the mucus by non-covalent bonds such as hydrogen bonds and ionic interactions6, thiomers are presumed to be capable of forming covalent bonds leading to improved mucoadhesive properties. The underlying mechanism is based on thiolldisulfide exchange reactions and on an oxidation process between the reactive thiol groups of the mucoadhesive polymer and cysteine-rich subdomains of the mucin glycoproteins7. For example, polycarbophilcysteine conjugates and chitosan-thioglycolic acid conjugates display on freshly excised intestinal mucosa more than two-and four-times higher mucoadhesiveness, respectively compared to the corresponding unmodified polymersl~ ' . Additionally, thiolated polymers show improved cohesive properties. A simple pH-dependent oxidation process results in an inter-andlor intrachain disulfide bond formation within the polymeric network. This crosslinking takes place during the swelling process in aqueous media leading to a substantial stabilisation of e.g. matrix tablets comprising a thiome?. Furthermore, thiolated polymers display enzyme inhibitory capabilities, which render them useful in noninvasive peptide delivery. This is believed to be due to polymer conjugates complexing the divalent metal-ions, such as zinc ions, from the enzyme structure. Metalloproteases such as aminopeptidase N often responsible for the degradation of therapeutic peptides on mucosal membranes, can be inhibited by thiomersg. Recently, a permeation enhancing effect was demonstrated for thiolated polymers such as polycarbophil-cysteine conjugates and poly(acrylic acid)-cysteine conjugatesI0-ll. The proposed reaction mechanism for the permeation enhancement involves the opening of tight junctions. The cysteine moieties of the polymers reduce oxidised glutathione and therefore increase the concentration of reduced glutathione on the absorption membrane". Reduced glutathione is able to inhibit the enzyme protein-tyrosine-phosphataseI2, which results in the phosphorylation of the membrane protein occludin. This leads to the opening of tight junctions13.
The efficacy of thiomers has meanwhile also been verified by various in vivo studies. A significant reduction in the glucose level of diabetic mice, for instance, was achieved by the oral administration of insulin microtablets based on a polycarbophil-cysteine conjugate14. Furthermore, Guggi et al. could demonstrate a significant decrease in the plasma calcium level after orally administered calcitonin being incorporated in thiolated chitosan15.
As free thiol moieties are essential for all the features mentioned above, it was the aim of the present study to evaluate the long-term stability of these reactive residues being immobilised on the polymeric backbone. On this behalf two different types of thiomers, namely a polycarbophil-cysteine conjugate and a chitosan-thioglycolic acid conjugate were synthesised. These conjugates were lyophilised and stored at different temperatures as received or compressed to 1 mg matrix-tablets. Thiol-moieties were determined monthly spectrophotometrically with Ellman's reagent. Results obtained should provide helpful basic information concerning storage conditions of thiomers.
Materials and methods

Synthesis of the polycarbophil-cysteine conjugate
The polycarbophil-cysteine conjugate was synthesised as described previously'0. Two grams of the sodium salt of polycarbophil (NoveonB AA1 , MM 2 700 kDa) were hydrated in 500 ml of demineralised water. After activation of the carboxylic-acid moieties of the polymer with 50 mM I-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC; Sigma, St. Louis, MO) for 45 min, 400 mg of L-cysteine (Sigma, St. Louis, MO) were added. The reaction mixture was incubated for 3 h at room temperature at a constant pH of 5.0. Purification was performed via dialysis. To remove unbound cysteine the reaction mixtures were dialysed against 0.2 mM HCI and 2 yM EDTA to quench any further reaction, two times against the same medium but containing 1% NaCI, then 3 times exhaustively again against 0.2 mM HCI. After dialysis the pH of the aqueous polymer solutions was adjusted to 4.5 and the polymers were lyophilised (-30°C, 0.1 mbar; Christ Beta 1-8; Germany). Samples prepared in exactly the same way but omitting EDAC during the reaction served as control.
Synthesis of chitosan-thioglycolic acid conjugate
Thioglycolic acid (TGA; Sigma, St. Louis, MO) was attached covalently to chitosan (molecular mass: -1 50 kDa; degree of deacetylation: 83 -85%; Fluka Chemie, Buchs, CH) as previously described5. lmmobilisation of TGA was achieved by the formation of amide bonds between the primary amino groups of the polymer and the carboxylic acid group of thioglycolic acid. First, 1 g of chitosan were hydrated in 8 ml of 1 M HCI and dissolved by the addition of demineralised water in order to obtain a 1% solution of chitosan hydrochloride. Thereafter, EDAC was added in a final concentration of 125 mM in order to activate the carboxylic acid moieties of the afterwards added TGA. After the carbodiimide was completely dissolved in the chitosan hydrochloride solution, TGA was added in a ratio 1:l (wlw; polymer to thioglycolic acid). The pH-value for the coupling reaction was adjusted to pH 5 using 1 M NaOH. The reaction mixture was incubated for three hours at room temperature under stirring. Samples prepared in exactly the same way but omitting EDAC during the coupling reaction served as controls for the analytical studies.
In order to eliminate unbound TGA and to isolate the polymer-conjugate, the reaction mixtures were dialysed against 5 mM HCI, two times against 5 mM HCI containing 1% NaCI, against 5 mM HCI and finally against 0.4 mM HCI. After adjusting the pH to 4.5 the aqueous polymer solutions were lyophilised.
Preparation of the polymer-matrix tablets
Half of the amount of each lyophilised thiomer was compressed (Hanseaten, Type El, Hamburg, Germany) into I mg tablets (diameter: 2 mm; depth: 0.5 mm). The compression force was kept constant during the preparation of all tablets.
Storage conditions for the thiomers
The thiolated polymers were tested with regard to the stability of immobilised thiol groups against oxidation. Therefore, samples were stored either in an exsiccator at room temperature (22°C) and a relative humidity (RH) of 25%, in a refrigerator at 4°C 1 53% RH, in a freezer at -20°C / 56% RH or in a climatic exposure test cabinet at 20°C / 70% RH.
Samples were withdrawn monthly for a time period of 6 months and the amount of remaining thiol groups was determined.
Determination of the thiol group content
The amount of thiol groups immobilised on the polymer was determined spectrophotometrically with Ellman's reagent quantifying free thiol groups. of thiol groups were performed as described above.
Statistical data analyses
Statistical data analyses were performed using the Student t test with p < 0.05 as the minimum level of significance.
Results and Discussion
I . Synthesis and characterisation of the polymers
The lyophilised polymers were white and odourless powders with fibrous structure. All polymers were easily swellable in water. The efficacy of the purification step via dialysis after conjugate synthesis with EDAC was evidenced by the controls exhibiting only a negligible amount of free thiol groups.
The amount of attached L-cysteine was 48.73 + 0.41 pM per g polycarbophil. The presumptive substructure of the resulting conjugate is shown in Figure I . Since disulfide bonds were already formed during the coupling reaction, about 10% of these cysteine moieties were oxidised. Therefore, the polycarbophil-cysteine conjugate displayed 43.21 1-2.77 pM free thiol groups per g polymer. 
Stability of the thiolated polymers
Since polycarbophil and chitosan are commonly used as excipients in tablets their long term stability has already been confirmedI6 ". For this study these polymers were modified by the introduction of thiol groups.
The rate at which the oxidation of thiol groups takes place depends on the temperature and the pKa value of the sulfhydryl groups and consequently on the pH within the conjugate. The pK, value of the thiol group of thioglycolic acid covalently attached to chitosan was calculated by the Advanced Chemistry DevelopmentIChem Sketch program to be 8.52. Therefore, the formation of disulfide bonds can take place at relatively lower pH-values compared to the polycarbophil-cysteine conjugate with sulfhydryl groups displaying a higher pK, value of 10.2. To increase the stability of thiol groups the pH-value of the thiomers was adjusted to 4.5 before lyophilization. The results of the stability studies are shown in Table 1 and 2. Table 1 . Amount of free thiol groups in pM/g polymer of the polycarbophil-cysteine conjugate after 6 months under different storage conditions. The initial amount of thiol groups was 43.2 + 2.8 pM/g polymer. a significant decrease of thiol groups (p < 0.05) 
The total amount of L-cysteine and thioglycolic acid immobilised on the polymers did not change significantly for this time period under all storage conditions. The free thiol groups of both thiolated polymers were found to be stable against oxidation for at least 6 months when stored at -20°C and at 4°C. These findings were expected since the polymers are usually stored as lyophilised powder in the refrigerator and no significant changes in their properties were ever observed. Also at room temperature no significant decrease of free thiol groups was observed when the polymers were protected from humidity. In case of storage in the climatic exposure cabinet (20°C, relative humidity 70%) already after 2 months the amount of free thiol groups was significantly decreased by oxidation in both thiomers. Nevertheless, this degradation was only observed for polymers stored as lyophilised powders, where a decrease of 15% and 25% of the initial amount of free thiol groups was observed after 6 months for the polycarbophil-cysteine and chitosanthioglycolic acid conjugate, respectively. This is probably due to a much smaller amount of polymer being actually exposed to the environment in tablets. Therefore, no significant decrease of free thiol groups was observed for the compressed polymers.
The results of this study confirm that polymer conjugates between studies can be safely stored in the refrigerator at 4°C. More detailed studies will have to be performed in the future for the use of these thiolated polymers as excipients in tablets. Nevertheless, our preliminary studies indicate that the achievement of long term stability of thiolated polymers will be feasible.
Conclusion
The immobilisation of thiol-bearing compounds on polymeric excipients such as polycarbophil and chitosan leads to a significant improvement of the mucoadhesive, cohesive, enzyme inhibitory and permeation enhancing properties of these polymers.
Within this study the stability of free thiol groups -which are essential for the features mentioned above -was investigated. The stability of a polycarbophil-cysteine and a chitosan-thioglycolic acid conjugate under typical storage conditions over a time period of
